ABSTRACT A self-sustained dielectric constant (i.e., permittivity) measurement system for liquid is proposed. A tunable substrate integrated waveguide (SIW) resonator is exploited to form a feedback-type voltage controlled oscillator (VCO) that is further embedded into a phase locked loop (PLL)-based frequency synthesizer. The SIW resonator acts as the feedback element of the VCO. When the SIW resonator is exposed to liquid, its frequency response and the corresponding VCO oscillation frequency change accordingly because of electromagnetic field perturbation. Due to the presence of the PLL, the eventual frequency of synthesizer is kept constant, while this potential frequency shift is translated into the output voltage of the PLL loop filter. This voltage is readily measured by a digital multi-meter. Principles and design considerations of the SIW resonator as well as implementations of the VCO and the PLL synthesizer are discussed in detail. In addition, a prototype sensing platform is devised. Correlations between the dielectric constant of liquid MUT and the physical parameters, such as the SIW resonant frequency, the VCO oscillation frequency, and the PLL output voltage are analyzed comprehensively. According to the experimental results of several organic liquids, the proposed system can achieve an accuracy better than 4% for permittivity characterization.
I. INTRODUCTION
The dielectric constant contains much useful information of material in engineering. Accurate material property sensors are highly required for numerous applications in industry, agriculture and medicine. For instance, precise dielectric constant measurement can help to obtain the concentration of mixed organic liquid in chemical industry [1] . In pharmacology, cultivation status of biological tissue can be monitored by measuring its permittivity variation trend with time [2] . Estimation of dielectric properties of wet powdered materials can give important information about their moisture contents [3] . Other reported applications include but not limited to food quality monitoring [4] , blood glucosetesting [5] , to name a few.
Corresponding to different materials to be measured, detection solutions also vary from case to case. Typical ones are cavity perturbation method [6] , free-space method [7] , planar resonator method [8] and transmissionline method [9] . The cavity perturbation method, which extracts dielectric constant by measuring the relative resonant frequency change of a closed cavity due to field perturbation induced by a material under test (MUT), is the most commonly used one. As the MUT is either brought into contact or in proximity to the resonant cavity, it is generally the most accurate dielectric sensing approach, and thus gains great popularity in the past decades. Regarding the implementation scheme of cavity, the traditional metallic waveguide allows high accuracy with respect to other structures due to its high-Q factor, but on the other hand is deeply restricted by its large volume and bulky size [10] . The substrate integrated waveguide (SIW), because of its compatibility to planar circuit, ease fabrication, low cost and relative high-Q factor, is a hot research focus in the past few years as a feasible alternative of the conventional metallic rectangular waveguide in many applications [11] - [13] .
In addition, although it owns good accuracy and wide applicability, the cavity perturbation approach generally relies on measuring the relative S-parameter changes before and after the MUT loadings, whose characterization sensitivity is therefore largely influenced by the Q factor of the resonator used. When the MUT with high loss is measured, severe degradation of the resonator Q factor makes the resonating point of S-parameter be hardly distinguished, which hence limits the detection capability. For this reason, a number of active planar resonators, which were realized by either negative resistance coupling or positive feedback, have been designed in the literature to compensate the energy losses [14] , [15] . As reported, these treatments can increase the Q factor values by several times. Nevertheless, no matter that the perturbation method for permittivity measurement has become relatively mature after years' development, it still considerably depends on large and expensive experimental equipment such as vector network analyzer (VNA), which deeply confines its application prospects. In recent years, some novel portable dielectric constant measurement apparatuses that eliminate the need for costly testing devices have been designed [16] - [18] . However, these apparatuses are mainly applied to the low-loss MUT measurement tasks. When the material loss increases, the detection accuracy reduces accordingly.
In this study, a self-sustained microwave liquid dielectric constant sensor in virtue of a tunable SIW resonator is presented. Based on the SIW resonator, a voltage controlled oscillator (VCO) is implemented, which is further integrated into a phase locked loop (PLL) synthesizer. Thanks to the functionality of a PLL circuit, digital voltmeter rather than vector network analyzer is needed to extract the material permittivity information, which greatly reduces the system cost. More importantly, as the devised system depends merely on the phase variation of the SIW resonator caused by the MUT instead of amplitude change, the reduced Q-factor due to the lossy material exposure will not affect the measurement accuracy.
The rest of this article is organized as follows: Section II describes the design of the SIW resonator with frequency tunability. Section III discusses the VCO implementation considerations, together with its response to the MUT. In Section IV, the PLL configuration and the realization of the proposed sensor are presented. In Section IV, experimental results are given to validate the proposed system, followed by some conclusions in Section VI.
II. SIW RESONATOR DESIGN
A. DESIGN OF TUNABLE SIW RESONATOR Fig. 1 shows the illustrative diagram of the proposed SIW resonator. A series of metallic via holes with distance d between each other are perforated on a rectangular patch resonator with length L and width W . The approximated design equations for resonating frequency can be roughly expressed as [11] : where C 0 and ξ r represent the light speed in vacuum and the effective medium permittivity, respectively. In this study, the SIW resonator is designed to resonate around 3.7 GHz, with the simulations conducted in the threedimensional (3-D) electromagnetic simulator ANSYS HFSS. The Rogers RT/Duroid 5870 laminate with a dielectric constant of 2.2 and a thickness of 0.787 mm is used for EM simulation and later circuit fabrication. To have an efficient excitation of the resonator and easy circuit implementation, transitions from microstrip to the proposed SIW cavity are therefore designed to realize three ports. The gap distance W g and the microstrip width W m of the sections are carefully tuned to have 50 port impedances. Herein, port 1 and port 2 are, respectively, applied as input and output of the resonator while port 3 is connected with a varactor. If the loss and parasitic effects of varactor are neglected, the varactor may be modeled as a shunt capacitor to the SIW resonator, whose effective capacitance is controlled by its bias voltage. The purpose of the varactor is to negate any change in the resonator frequency caused by the MUT, whose functionality will be further discussed in the following sub-section. The coupling level between the varactor and the SIW resonator largely depends on the values of W g and L 2 [19] .
Besides, a quartz cylindrical tube is inserted into the resonator for liquid MUT storage. The center position is chosen for this insertion in order to have highest sensitivity since the electric field is maximum at the center of the SIW cavity [13] . The inner diameter and the wall thickness of the tube are denoted as R and S, respectively, as shown in Fig. 1 .
B. FREQUENCY RESPONSE OF SIW RESONATOR
According to the cavity perturbation theory [6] , the presence of a dielectric sample inside the resonator is supposed to produce a shift on its resonating frequency. Fig. 2 shows the simulated resonating frequency variation f 0 = f (ε r = 10) − f (ε r = 1) with varying dimensions of cylindrical tube. One can see that increasing R or decreasing S results in increasing frequency variation and hence improving characterization sensitivity. Herein, 16 mm and 1 mm are, respectively, selected for R and S with tradeoffs made between the circuit size and the performance.
As is well known, the dielectric constants of most materials in nature are complex and frequency-dependent. In other words, permittivity can be expressed in a complex form as ε r (ω) = ε r (ω) − jε r (ω), where ε r (ω) and ε r (ω) are the real and imaginary parts, respectively. The real part measures the energy storage within the material, while the imaginary part represents the material loss. To examine the effects of material permittivity and loss on the resonator response, the proposed resonator exposed to different MUTs is simulated in HFSS. Fig. 3 (a) depicts the frequency shift for the proposed SIW resonator with lossless liquids of various dielectric constants placed in the quartz tube. The reference frequency, which corresponds to the case with no liquid placed, equals to 3.785 GHz. In addition, the varactor value is fixed at V C = 0 V, implying that a constant capacitance is introduced. The varactor used herein is a silicon hyperabrupt tuning diode SMV1231 from SKYWORKS, which has a zero-bias capacitance of 2.35 pF. Fig. 3(b) demonstrates the effects of MUT losses on resonator frequency and transmission coefficient. The liquid permittivity is assumed to be fixed as ε r = 1. As can be seen, when dielectric loss tangent increases, the SIW transmission attenuation increases accordingly. However, the impact of ε r on the resonating frequency is very limited, as illustrated by the small frequency deviation.
In addition, the effect of varactor biasing voltage on frequency is also investigated, as shown in Fig. 4 . As one can observe, by adjusting its reverse biasing voltage V C , the resonating frequency is significantly altered. This is because the capacitance coupled to the tunable SIW resonator changes, and its equivalent circuit model can be found in [19] . 
III. VOLTAGE CONTROLLED OSCILLATOR INCORPORATING SIW RESONATOR
A. DESIGN OF VOLTAGE CONTROLLED OSCILLATOR Fig. 5 illustrates the topological diagram of the proposed VCO. It mainly consists of a tunable SIW resonator, a properly biased transistor and some peripheral circuitry. As a typical band-pass structure [11] , [20] , the aforementioned SIW resonator acts as a frequency selecting element that is inserted into the feedback loop between the gate and drain terminals of the transistor through several microstrip lines (MSL). These lines have identical characteristic impedances of 50 , and VOLUME 6, 2018 FIGURE 5. Simplified schematic of the feedback-type VCO incorporating SIW resonator for permittivity measurement.
electrical lengths of θ g1 , θ g2 , θ g3 and θ g4 . The capacitors C B placed between two lines are used to block DC signal.
According to the oscillator design theory, to have a stable oscillation at the target frequency f 0 , the following conditions must be met:
where G A and L R are the gain of the circuit part and the damping factor of the SIW resonator, respectively, A and R are the corresponding phase shift of the circuit part and the SIW resonator, and N is an arbitrary integral number.
The circuit part includes the amplifier and the 50 MSLs. In order to achieve a large detectible dielectric constant range, the amplitude and phase requirements of the SIW VCO must be satisfied in a large scope. Specifically, to meet condition (2), a stable amplifier with high gain should be firstly designed before feedback loop is added. A pseudomorphic high electron mobility transistor (pHEMT) ATF36077 is therefore used. The drain-to-source voltage (V DS ) and gate-to-source voltage (V GS ) are set to 2.5 V and −0.2 V, respectively.
The S-parameters of the amplifier terminated by 50-loads at the gate and drain are obtained by the simulations in Keysight ADS using the nonlinear model provided by the manufacture. Fig. 6 (a) depicts the simulated amplifier gain and S21 of the SIW resonator as a function of frequency. A ε r value of 18 and V C = 0 V are chosen at this scenario. In addition, the product of these two values, namely the overall loop gain is also curved in the same figure. It is readily seen that the overall loop gain is larger than one (0-dB) in the frequency range from 3.64 to 3.78 GHz. In this context, the phase relationship described by (3) is the remaining precondition of oscillation. Fig. 6 (b) plots the phases of the SIW resonator and the circuit part as a function of operation frequency, respectively (Note: the negative phase is plotted for the circuit part). In this particular design, the target oscillation frequency is set to f 0 = 3.720 GHz, as the loop gain is the maximum in the vicinity of this frequency point. According to the EM simulation result, the phase shift of the SIW resonator is about 118 degrees at 3.720 GHz. Consequently, the line lengths of θ g1 , θ g2 , θ g3 and θ g4 are tuned in ADS to acquire a negative 118-degree phase shift for the circuit part in total. Under this circumstance, complete oscillation conditions are satisfied.
B. OSCILLATOR RESPONSE
From the above analysis, it is readily inferred that the VCO frequency can be changed by tuning the phase of the circuit part or that of the SIW resonator, or both. The former can be realized by modifying the transistor bias voltages and matching networks, while the latter is achievable through structure modification or varactor voltage modulation.
To examine the effect of material dielectric constant on the above oscillator, Fig. 7(a) shows the simulated transmission phases versus the frequency of the proposed SIW resonator ( S 21,SIW ) loaded with lossy isotropic liquid MUTs of various ε r in the tube when V C = 0 V. Negative S 21 phase variation of the circuit part (− S 21,Circuit ) is superimposed in the same figure. Note that that the dielectric constant is assumed to be frequency independent herein for the sake of analysis simplicity.
It is intuitive that the intersecting points of these curves correspond to the frequencies at which the oscillation is established for each specific value of ε r . It is obvious that when ε r increases, the phase of the SIW resonator decreases accordingly. As a consequence, the eventual oscillation frequency of the devised oscillator shifts towards lower values. This occurs at successive frequencies with successive dielectric constant values. Another curve (yellow dash line) accounting for the circuit part variation, which is caused by factors such as fabrication error, discrepancy between model and real device, is also included. It is interestingly observed that a slight deviation on the circuit part performance does not affect the one-to-one correspondence between the dielectric constant and the final oscillation frequency. Thus, one can conclude that the dielectric constant of MUT can be estimated by the VCO oscillation frequency. The simulated frequency drift as a function of the MUT dielectric constant is depicted in Fig. 7(b) , where the starting value corresponds to the case with the empty cylinder tube (ε r = 1). At this point, one can see that when the transmission phase of the SIW resonator changes if different MUT samples are loaded, the resultant free-running frequency of the oscillator shifts accordingly. From the circuit design aspect, in order to realize a complete frequency synthesizer, a typical electrically tunable component should be applied to the resonator or the active device. In this particular work, a reverse biased varactor is connected with port 3 in the devised SIW resonator, as shown in Fig. 1(b) .When the bias voltage changes, its equivalent capacitance changes and so does the VCO frequency. Fig. 7(c) plots the relationship between the varactor voltage V C and the oscillation frequency deviation. A clear frequency increment is observed when V C rises. Therefore, it is readily seen that the final oscillation frequency is jointly determined by the MUT permittivity and the varactor bias voltage.
C. EFFECT OF MATERIAL LOSS
Since the liquid permittivity is generally complex, the influence of the imaginary part on the above VCO should also be considered. When a MUT sample with loss (ε r = 0) is presented within the quartz tube, the SIW resonator impedance looking into port 1 can be approximately expressed as
where R res stands for the total loss of the resonator and the MUT, and L ε and C ε are the equivalent inductance and capacitance of the resonator. Herein, the ε r isassumed to be frequency independent. According to (4), the change in the oscillation frequency comes from the changes in R res , L ε and C ε , while ε r and ε r affect R res and C ε respectively. Fig. 8 shows the absolute frequency drift of the sensing element in the presence of various material loss tangent (i.e.,tan (δ) = ε r /ε r ). It can be seen that the contributions of ε r on the oscillation frequency shift is smaller than 1 MHz, which is almost negligible. This is mainly because the effect of the MUT loss is smaller by comparison to that of the overall loss of the resonator itself. However, although the loss factor ε r poses little impact on the resonating frequency, it may produce restrictions on the ability of oscillation by limiting the amplitude condition. As a result, to ensure a sustainable oscillation at the desired frequency for the proposed VCO, the amplitude condition must be guaranteed for all values of ε r and ε r . Fig. 9 shows the whole loop gain of the VCO versus the frequency for different ε r and V C values when the material loss tangent is set to a very high number of 0.9, which surpasses the loss factor of many liquids. It is noted that the absolute gain magnitude is higher than unity in a large frequency range for each case with different ε r and V C combination. In this regard, stable oscillation of this VCO is guaranteed for a variety of practical materials that need to be tested.
IV. SENSOR DESIGN WITH FREQUENCY SYNTHESIZER A. PLL CONFIGURATION AND FUNCTIONALITY
From the above analysis, the liquid induced resonator response variation can produce a frequency shift on the VCO. Nevertheless, an expensive signal analyzer is still needed to accurately characterize this frequency change in a traditional solution. Therefore, a step forward is taken to realize a cost-effective sensing platform. To be specific, a PLL circuitry is brought into this sensor system, where the information of the dielectric constant is represented by the VCO control voltage that is recorded in a simple manner. The functional block diagram of the PLL synthesizer for dielectric constant measurement is shown in Fig. 10 . This system is mainly composed of a programmable fractional-N frequency divider (FD), a phase frequency detector (PFD), a charge pump (CP), a low-pass loop filter (LPF) and the SIW VCO described in Section II. The operational principles are roughly summarized as follows. An external crystal provides the PFD with a high-quality reference frequency f ref, which is compared with the divided VCO output f d . A voltage V p proportional to the phase difference between f ref and f d is generated by the PFD, and sent to the CP. The regulated voltage V c from CP is filtered by the LPF, which is finally used as the bias voltage of the varactor V b . In this regard, the PLL circuit is served as a frequency-to-voltage converter, which translates the potential shift of the oscillation frequency produced by the MUT loading into a readable control voltage variation. A microcontroller unit (MCU) is employed to program the frequency divider and controls the operation of the whole system. The detail operating procedures are roughly divided into the following three phases.
Firstly, suppose the frequency of the standalone freerunning oscillator with no liquid and no varactor voltage applied (V b,0 = 0 V) is f 0 , then the initial frequency division ratio N is calculated as
where N is set by writing proper values into the PLL circuit by the MCU. The VCO locking status is readily checked by measuring the VCO output frequency in a signal analyzer to see whether the above equation holds. Secondly, a typical liquid MUT is dispersed into the capillary of the SIW resonator. The capillary does not need to be filled entirely, as only the portion of material inside the cavity interacts with the fields. So the liquid level of the MUT only needs to exceed the SIW resonator. As illustrated in the previous analysis, upon liquid placement, the initial oscillation frequency of the VCO is supposed to decrease to a lower value, denoted as f 1 . Due to the intervention of PLL, however, the VCO will return to the locked state and maintains the output frequency at f 0 [21] . This is automatically achieved within the PLL by modulating the control voltage to a new value of V b,1 , which is also the bias voltage varactor. It is intuitive that through the above two processes, one can use the control voltage shift V b = V b,1 -V b,0 to reflect the initial oscillator frequency shift f = f 1 -f 0 . In other words, the material permittivity can be successfully mapped to the VCO control voltage.
Finally, a series of calibrating materials with known dielectric constants are added to the proposed microwave sensor, and the corresponding PLL output voltages V b,εr are recorded. The voltage-permittivity relation can then be obtained by curve fitting.
B. FREQUENCY SYNTHESIZER IMPLEMENTATION
To realize the PLL based sensor system, two separate PCBs are fabricated and connected, as shown in Fig. 11 . One is the RF board that contains the SIW resonator and the oscillator. It is fabricated on a 0.787-mm thick RT/Duroid 5870 laminate (ε r = 2.2, tanδ = 0.0012). The PLL board, on the other hand, is fabricated on low-cost FR4 laminate. To accelerating circuit prototyping, an off-the-shelf fractional-N PLL chip ADF4157 [22] is employed to provide a complete solution for integrated PFD, FD and CP for simplicity of implementation. The LPF that is not included in the chip is devised with a passive second-order configuration using discrete R and C components. The ADF4157 chip can provide 25-bit resolution for fractional-N frequency division. This extremely high resolution of the division factor allows precise frequency-shift measurement by minimizing the quantization error. The chip is configured with the MCU using serial peripheral interface (SPI) bus structure by means of setting proper value to the N divider and reference frequency division ratio. The RF output of the VCO board is fed to ADF4157 through a section of coaxial line. The output voltage from the loop filter of PLL circuit is fed back to the VCO board as the varactor biasing voltage, which realizes the last puzzle of a complete frequency synthesizer.
Particularly, a proper loop bandwidth needs to be considered in the design so that the PLL can be stably locked. As is well known, the loop bandwidth reflects the effect of loop on noise suppression. The VCO noise can be minimized by setting the loop bandwidth as wide as possible. However, the wider the loop bandwidth, the greater the loop noise. As a result, trade-off must be made between the loop bandwidth and loop noise [23] . Different loop bandwidth can be set by designing different loop filters using the ADIsimPLL software provided by ADI. Herein, a 20-kHz loop bandwidth and a 45 degrees phase margin are chosen by adopting proper R and C, as listed in Table 1 .
In the characterization stage, for each liquid MUT added to the SIW resonator, its corresponding PLL output voltage in the locked status is recorded. Under these circumstances, ordinary multi-meter can be used to record these bias voltages. Expensive VNA is therefore not needed anymore and the system complexity can be significantly reduced.
V. SENSOR MEASUREMENTS A. SYSTEM SETUP
As introduced in the preceding sections, the VCO frequency is jointly governed by the MUT permittivity and the varactor bias voltage. For validating the effectiveness of the proposed sensor platform, circuit prototypes are fabricated and tested. Fig. 12 shows the measured free-running oscillation frequency versus the varactor control voltage V C when no MUT is added in the quartz tube. As one can see, the initialization frequency f 0 is 3.846 GHz, which is slightly different from the simulated value of 3.750 GHz. This frequency deviation may be caused by several reasons such as device model accuracy, fabrication tolerance and etc. At this point, the MCU therefore programs the fractional divider of ADF4157 frequency When the PLL is locked, the control voltage V b,0 is exactly 0 V, which can be verified by a digital multi-meter. When some volume of organic liquid is poured into the sample well of the SIW resonator, the varactor control voltage jumps immediately from zero to a specific value of V b,1 , which can be read from the digital multi-meter. In the same time, the locked frequency of 3.846 GHz is successfully maintained, as observed from the spectrum analyzer. These phenomena verify that the functionality of the PLL structure works well as expected.
B. MEASUREMENT RESULTS AND DISCUSSIONS
To illustrate the ability of the proposed system for dielectric constant measurement, a set of liquids with different dielectric constants are applied. More specifically, the quartz tube is filled with various solvents and their voltage responses are registered using a digital voltmeter at the room temperature. In the experiment, five different organic liquids are tested, namely methanol, xylene, ethanol, ethyl acetate and ethylene glycol. Among these solvents, ethylene glycol, ethanol and methanol are used as calibrating materials to obtain the oneby-one correspondence that relates the control voltage to the MUT dielectric constant. According to the previous analysis, the actual liquid volume has no effects on the test result as long as the quartz glass tube in contact with the resonator is fully filled. Therefore, the volumes are fixed to 6 mL during the test, ensuring that the liquid level is higher than the resonator plane.
With respect to the calibration process, the voltage shifts of four typical material exposures of air (ε r = 1), ethylene glycol (ε r = 9.19 @ 4 GHz and 20 • ), ethanol (ε r = 5.38 @ 4 GHz and 20 • ), and methanol (ε r = 14.95 @ 4 GHz and 20 • ) [24] are measured for five consecutive times and then the measured results are averaged. In order to record the control voltage preciously, a digital multi-meter Keysight 34461A with 1-mV resolution is used. Once the permittivity dependent voltages are obtained, the MUT dielectric constants can be extracted. Since the relationship between the dielectric constant and the final PLL output voltage is indirectly determined by the following two relations: 1) the relationship between the dielectric constant and the oscillation frequency; 2) the relationship between the control voltage and the varactor capacitance. Therefore, the final permittivityvoltage relationship between the dielectric constant and the voltage is nonlinear. A nonlinear fitting of the relationship is conducted in MTALAB to form an approximated equation as follows:
where a, b and c are the data-fitting constants. According to curve-fitting results, these three data-fitting constants are obtained as −0.02783, 0.8002 and −0.7548, respectively. curve for the relationship between the voltage and the dielectric constant agrees well with the discrete measurement results. As this mapping relationship is obtained, a liquid with unknown dielectric constant can be measured using the proposed sensing platform and the curve-fitted equation.
To further verify the accuracy of this system, the other two unused off-the-shelf liquids are tested. Their dielectric constants are extracted based on equation (6) after collecting their corresponding output voltage from the PLL. Similarly, the measurements are repeated for five times, and the final data takes the average value. Table 2 compares the experimental dielectric constant with the reference values given in [1] and [24] . It reveals that the measured mean ε r values have the maximum error rate that is no more than 4%. This fully illustrates the high accuracy of the proposed sensor. Regarding to the presented measurement errors, they can be attributed to voltage measurement resolution of the multimeter, locked frequency resolution of the PLL chip. In addition, as the material permittivity is closely related to the frequency and the temperature, these factors can also pose some uncertainty upon the final results.
VI. CONCLUSION
In this work, a microwave dielectric constant sensor for liquids taking advantage of a SIW resonator was developed. Based on the PLL concept, the proposed system eliminated the need for costly laboratory equipment. As only digital multi-meter was required to obtain the relation equation between the voltage and the dielectric constant, the system complexity and the realization cost were largely reduced. Importantly, the precision of measurement was not affected by the Q factor of the resonator, which may extend the applicability of this method in high loss scenarios. According to the experimental results, the extracted dielectric constant revealed an accuracy better than 4%.
